Introduction
============

Recent studies have shown that a small population of undifferentiated cancer cells, identifiable by the expression of special cell surface markers, possesses high differentiation potential and constant self-renewal capacity. These cancer stem cells (CSCs) are preserved and regulated by microenvironments such as tumor-associated stromal and vascular endothelial cells ([@B01]). *In vivo* xenotransplantations demonstrate the high tumorigenic potential of CSCs ([@B02]). In addition, CSCs express multiple drug-resistant proteins, and their greater efficiency at repairing DNA reverts damage from chemotherapy and radiation. CSCs are considered to be the root of cancer, and are responsible for cancer metastasis, recurrence and drug resistance ([@B03]). Previous studies have demonstrated CSCs in blood ([@B04]), breast ([@B05]), brain ([@B06]), pancreas ([@B07]), colon ([@B08]), liver ([@B09]), prostate ([@B10]), and skin ([@B11]) cancers. They have also been identified in several lines, such as glioma and breast cancer cell lines ([@B12]).

The Colo205 cell line was established in 1975 by Dr. Semple ([@B13]) from ascitic fluid obtained from a 70-year-old Caucasian male with colon carcinoma. In the previous study, we established a method for culturing spheres under serumfree conditions ([@B14]). However, little is known about the biology and oncogenicity of cancer spheres. In the present study, we further investigated the biological characteristics and the tumorigenicity of spheres. MTT \[3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide\] cell proliferation assay and 3-D culture were performed *in vitro* to evaluate the proliferation capacity and differentiation potential of sphere cells in comparison with regular Colo205 cells. The *in vivo* xenograft transplantation assay was performed to compare the tumorigenicity between sphere cells and regular Colo205 cells. Pathological analysis of xenografts was done by H&E staining, Musashi-1 staining and electron microscopy.

Material and Methods
====================

Culture of colon cancer spheres and differentiation assay
---------------------------------------------------------

Colo205 colon cancer cell lines were supplied by the American Type Culture Collection. The serum-supplemented medium (SSM) consisted of RPMI-1640 supplemented with 10% fetal calf serum. The serum-free medium (SFM) was prepared from 1:1 (v/v) Dulbecco\'s modified Eagle\'s medium and Ham\'s F-12 nutrient mixture (DMEM/F12; HyClone, USA), B27 supplement (1:50; Gibco, USA), 20 ng/mL epidermal growth factor (EGF; PeproTech, USA), 10 ng/mL basic fibroblast growth factor (bFGF; PeproTech), 10 ng/mL leukemia inhibitory factor (Chemicon, USA), and 2 mM L-glutamine. Colo205 cells were subcultured in SSM. Cells at the exponential growth phase were washed with PBS and digested with trypsin, followed by resuspension in SFM. Living cells were counted by Trypan blue exclusion and subcultured in SFM at a concentration of 5 × 10^5^/mL. After cancer spheres were generated, EGF and bFGF were removed from the culture medium and 10% serum was added to induce differentiation. Cell morphology was observed with a light microscope.

Cell proliferation assays
-------------------------

Undifferentiated sphere cells, differentiated sphere cells and regular Colo205 cells were plated in 0.1 mL volumes of SFM, SSM, and SSM, respectively, at a density of 1000 cells/well in 96-well microwell plates. Cell proliferation assays were performed on days 0, 2, 4, 6, and 8 using the MTT method (Sigma, USA). Quantification of viable cells by measuring absorption spectra at 575 nm was performed with a Versamax microplate reader.

Detection of the surface marker of cancer spheres
-------------------------------------------------

Cells were collected separately from colon cancer spheres, post-differentiated sphere cells and regular Colo205 cells by trypsin digestion, followed by washing and resuspending in PBS at a concentration of 5 × 10^6^/mL. Cells were incubated with fluorescein isothyocyanate (FITC)-conjugated anti-CD44 and phycoerythrin (PE)-conjugated anti-CD133 monoclonal antibodies for 30 min at 4°C. The fluorescence intensity was measured by flow cytometry.

3-D culture
-----------

When typical colon cancer spheres were generated, cells were mechanically and enzymatically dissociated and resuspended in SSM, and the concentration was adjusted to 6 × 10^4^/mL. The regular Colo205 cells and differentiated sphere cells at the same concentrations were used as controls. 3-D culture was conducted using Matrigel matrix (BD, USA) to observe crypt-like structures. Briefly, cells were mixed 1:1 (v/v) with Matrigel and 0.5-mL aliquots were subsequently plated onto 24-well plates. The Matrigel was incubated at 37°C for 30 min, followed by the addition of 1 mL SFM. The medium was changed every 3 days by replacing 0.5 mL spent medium with fresh medium.

Subcutaneous xenograft assay in NOD/SCID mice
---------------------------------------------

All animal experiments were approved by the Animal Ethics Committee of Southern Medical University and the protocol of animal treatment was approved by the Institutional Animal Care and Use Committee. To study the tumorigenic potential of CSCs isolated from Colo205 cells, cancer spheres were mechanically and enzymatically dissociated into single-cell suspensions in PBS at concentrations of 1 × 10^5^, 5 × 10^5^, 1 × 10^6^, and 1 × 10^7^/mL. Cells were mixed 1:1 (v/v) with Matrigel and injected subcutaneously into one side of the flanks of NOD/SCID mice (Shanghai Si Laike Experimental Animals, China). Regular Colo205 cells were injected into the other side as a control. Fifteen days after the injection, mice were sacrificed, tumor nodules were immediately removed, fixed in 10% phosphate-buffered formalin, and embedded in paraffin. Four micrometer-thick sections were cut, mounted on poly-L-lysine-coated slides (Sigma), dried overnight at 37°C, dewaxed in xylene, rehydrated according to standard histopathological procedure, and stained with H&E.

To determine Musashi-1 immunoreactivity, we used heat-induced epitope retrieval methods. The antigen was retrieved with 1.0 mM EDTA repair fluid, pH 8.0, via microwave heating (high power for 5 min, followed by moderate power for 15 min). Sections were incubated overnight at 4°C with anti-human Musashi-1 antibody (1:200; Chemicon). Immunodetection was performed using an egg protein-biotin-horseradish peroxidase kit (Sigma).

For transmission electron microscopy, the fresh tumor was cut into 1 × 1 × 1-mm^3^ cubes, fixed with fresh pre-cooled 2.5% glutaraldehyde for 72 h at 4°C, followed by incubation in 1% osmium acid for 2 h in the dark. After dehydration with acetone, immersion and embedding, thin sections were cut and stained with uranyl acetate and lead citrate.

Results
=======

Culture of colon cancer spheres and differentiation assay
---------------------------------------------------------

A small proportion of Colo205 cells (∼5%) survived in SFM containing a growth factor after 7 days as measured by Trypan blue exclusion, and formed suspended colon cancer spheres. The refractile sphere cells were intensely stained, and cells were closely connected. New spheres were generated next to existing spheres, demonstrating their self-renewal capacity. Cancer spheres were passaged through at least eight generations in SFM. When the SFM was replaced with the medium containing serum, cells in the spheres migrated out and formed a single-cell layer in 10 days ([Figure 1](#f01){ref-type="fig"}).

Figure 1.Cell morphology observed with an inverted microscope. *A*, Cancer sphere at first passage; *B*, cancer sphere at passage 3; *C*, cancer sphere at passage 8; *D*, cells are closely connected within spheres; *E*, one day after supplementation with fetal bovine serum (FBS); *F*, ten days after supplementation with FBS. Magnification bars: 50 µm (A,D); 25 µm (B,C,F); 100 µm (E).

Cell proliferation assays
-------------------------

To evaluate the proliferative capacity of cancer sphere cells, cells were plated at 1000 cells/well, and the number of viable cells was quantified on days 0, 2, 4, 6, and 8 by the MTT assay. Undifferentiated sphere cells in SFM demonstrated increased proliferative capacity compared to differentiated sphere cells and regular Colo205 cells in SSM ([Figure 2](#f02){ref-type="fig"}).

Figure 2.Cell proliferation assays showed that cancer sphere cells in serum-free medium (SFM) exhibit greater proliferation than differentiated sphere cells and regular Colo205 cells cultured in serum-supplemented medium (SSM). Data are reported as means ± SD.

Detection of the surface marker of cancer spheres
-------------------------------------------------

Cells in cancer spheres expressed high levels of CD133 and CD44 in SFM ([Figure 3](#f03){ref-type="fig"}). However, when the SFM was replaced with SSM for 10 days, the proportion of CD133 and CD44 decreased significantly ([Figure 4](#f04){ref-type="fig"}).

Figure 3.Flow cytometry dot plots show that cancer sphere cells expressed high levels of CD133 and CD44 in serum-free medium. *Left*, Isotype control. *Right*, Cancer sphere cells incubated with FITC-conjugated anti-CD44 and PE-conjugated anti-CD133 monoclonal antibodies. FITC = fluorescein isothyocyanate; PE = phycoerythrin.

Figure 4.Expression of CD133 and CD44 in regular Colo205 cells cultured in serum-supplemented medium (SSM), undifferentiated cells from cancer spheres cultured in serum-free medium (SFM), and differentiated cells from cancer spheres cultured in SSM. Data are reported as means ± SD. ^\#^P \< 0.05, differentiated SSM group *vs* regular SSM group. ^\*^P \> 0.05 *vs* regular SSM group (one-way ANOVA).

3-D culture
-----------

The 3-D *in vitro* cell cultivation system provides the physiological signals necessary for colon cancer morphogenesis, i.e., the differentiation potential of sphere cells to recapitulate *in vivo* spatial orientation and crypt-like architecture. Differences between cancer spheres and the control groups were not notable on the first day. Typical crypt-like structures emerged from cancer spheres on day 18. A tubular ring interconnected structure and overlapping upward growth layers were formed in the colon cancer spheres, while the control groups did not form any crypt-like structure. These results demonstrated that colon cancer spheres had a stronger proliferation and differentiation potential than regular Colo205 cells ([Figure 5](#f05){ref-type="fig"}).

Figure 5.3-D culture of cancer sphere cells (left panels), regular Colo205 cells (middle panels) and differentiated cells (right panels) from day 1 to day 18. Differences between cancer spheres and control groups were not notable on the first day (d1). Typical crypt-like structures emerged from cancer spheres on day 18 (left), while regular cancer cells and differentiated cells did not form any crypt-like structure (middle and right). s = sphere cells; r = regular cancer cells; d = differentiated cells. Magnification bar: 25 µm.

*In vivo* injection of cancer sphere cells
------------------------------------------

To assess the tumorigenicity of cancer sphere cells, we injected the cells into NOD/SCID mice. The xenograft transplantation assay showed that 10^4^ colon cancer sphere cells were sufficient to induce tumorigenesis, while the same amount of regular Colo205 cells failed to induce visible tumors 15 days after injection. The volume of tumors generated by 10^5^ colon cancer sphere cells was significantly greater than the tumor volume of the control group, indicating that colon cancer spheres had high tumorigenicity ([Table 1](#t01){ref-type="table"} and [Figure 6](#f06){ref-type="fig"}). The histochemical assay showed that the tumors generated from sphere cells and regular Colo205 cells had a similar differentiation structure. The intestinal Musashi-1-positive stem cells were similar in the two types of tumor. Similar malignant phenotypes were also observed in transmission electron micrographs of both xenografts ([Figure 7](#f07){ref-type="fig"}).

Figure 6.Immunodeficient mouse transplantation assays. *A* and *B*, Colon cancer sphere cells (10^4^) induced neoplasms, while the same number of regular Colo205 cells did not show any tumorigenicity. *C*, Cancer sphere cells (10^4^) generated a larger neoplasm than the same number of regular cancer cells.

Figure 7.Histopathologic comparison of xenografts between cancer sphere groups (left panels) and regular Colo205 cell groups (right panels). *A* and *B*, H&E analysis of both xenografts. *C* and *D*, The Musashi-1-positive cells were similar between the two types of tumor, as indicated by arrows. *E* and *F*, Similar nucleus morphologies were seen in transmission electron micrographs of both xenografts. *G* and *H*, Organelle observed by transmission electron microscopy of both xenografts. Magnification bars: 25 µm (A,B,C,D); 2 µm (E,F); 1 µm (G,H).

Table 1.*In vivo* tumorigenicity of cancer sphere cells and regular Colo205 cells in NOD/SCID mice.Cell No.1 × 10^4^5 × 10^4^1 × 10^5^1 × 10^6^Cancer sphere cells6/88/88/88/8Regular Colo205 cells0/80/86/88/8[^1]

Discussion
==========

A long-term study ([@B15]) reported that EGF and bFGF have a synergistic effect on proliferation of neural stem cells *in vitro*. Martens et al. ([@B15]) found that FGF-responsive neural stem cells cultured in SFM containing EGF and bFGF divided asymmetrically to reproduce themselves and produced EGF-responsive progenitor stem cells. The EGF-responsive population increased in size by asymmetric divisions of FGF-responsive cells and by symmetric divisions of EGF-responsive stem cells. Thus, with certain growth factors, neural stem cells could proliferate *in vitro* and maintain their pluripotency potential. Similar findings have been obtained in brain tumors and epithelial cancer, such as glioma ([@B06]) and colon cancer ([@B08]), respectively. Once cancer cells were cultured in SFM containing EGF and bFGF, most of the differentiated cells could not survive. However, a few undifferentiated cells, i.e., CSCs, were able to form cancer spheres and to maintain an undifferentiated state.

In the present study, only a small fraction of cells survived in SFM with EGF and bFGF, proliferated and formed suspended cancer spheres. Over a prolonged culture period, cancer spheres became larger and larger, and could passage into at least eight generations, evidence of their self-renewal capacity and differentiation potential.

A phenotype study was performed to analyze the expression of CD133 and CD44 on cells from cancer spheres. CD133 is a 120-kDa five-transmembrane domain glycoprotein expressed on normal primitive hematopoietic, endothelial, neural, and epithelial cells. This molecule shows a highly homologous structure from nematodes to *Homo sapiens*. The specific function of CD133 is unclear ([@B16]). Recently, it has been considered to be a CSC surface marker for brain tumors ([@B06]), and pancreatic ([@B07]), colon ([@B08]), liver ([@B09]), and prostate ([@B10]) cancers.

CD44 is the receptor for hyaluronic acid and belongs to a type of adhesion molecule. CD44 is involved in a variety of signaling pathways, mediated cells and cell connections ([@B17]). CD44^+^ cancer cells are regarded as more primitive, and also as a stem cell marker for cancers of the breast ([@B05]), pancreas ([@B07]), prostate ([@B10]), head and neck squamous cell carcinoma ([@B18]), and colon ([@B19],[@B20]). CD44^+^ colon polyp cells have been found to express high levels of the intestinal stem cell marker Musashi-1 ([@B21]).

In the present study, the expression of CD133 and CD44 in colon cancer spheres was significantly higher than in regular Colo205 cells cultured in SSM. When SFM was replaced with SSM to induce differentiation, the expression of CD133 and CD44 in cells from cancer spheres was significantly decreased, suggesting that CD133 and CD44 were primarily expressed on undifferentiated rather than differentiated cancer cells. We concluded that there was a small population of CSCs that persisted in the Colo205 cell line. These cells formed cancer spheres in SFM and could maintain an undifferentiated stage.

Two groups have recently reported the biology of colon cancer sphere cells in a 3-D culture system ([@B22],[@B23]). We also studied the biological characteristics of cancer spheres cultured *in vitro* using a Matrigel matrix. The Matrigel matrix is a solubilized basement membrane preparation extracted from mouse sarcoma, which plays a role in adhesion and differentiation of epithelial cells. Cancer spheres survived in the 3-D culture and formed crypt-like structures, while the regular Colo205 cells and post-differentiated cancer cells failed to proliferate. This suggests that cancer spheres have a high differentiation potential and strong proliferation capacity. It is noteworthy that in this study the basement membrane analogues of the Matrigel matrix induced cancer differentiation, indicating the importance of the microenvironment in maintaining an undifferentiated state and the high capacity of CSCs for self-renewal. Thus, drugs targeted to a microenvironment may also be effective in killing or inducing differentiation of CSCs.

Tumorigenicity is considered to be an indispensable prerequisite for fulfilling the definition of CSCs, which should also possess self-renewal and differentiation capacities ([@B24]). The xenograft transplantation assay showed that cancer spheres are of high tumorigenicity. As few as 10^4^ colon cancer sphere cells induced evident cancer, while the same number of regular Colo205 cells did not show any tumorigenicity. This indicates that cancer spheres were enriched with colon CSCs, which had strong proliferative capacity. In contrast, most of the regular Colo205 cells are differentiated, with only limited proliferative capacity and therefore displayed less tumorigenicity.

H&E analysis showed a similar differentiation structure between the two types of xenografts. Both types expressed the intestinal stem cell marker Musashi-1 at similar levels. Similar malignant phenotypes were also found by transmission electron microscopy in both xenografts. Thus, although the degree of tumorigenicity varied greatly between the cancer spheres and regular Colo205 cells, the phenotypes of tumors generated from these two groups of cells were the same.

In summary, the sphere cells exhibited more proliferation capacity and more differentiation potential in *in vitro* cell proliferation assays and 3-D culture assays. Moreover, cancer sphere cells displayed more tumorigenicity than regular Colo205 cells in xenograft transplantation assays. Our findings may provide new insights into the tumorigenesis of colon cancer and offer a potential target for anti-cancer therapy.
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[^1]: Cells were assayed for the ability to form tumors after subcutaneous injection into the flank of NOD/SCID mice at 1 × 10^4^, 5 × 10^4^, 1 × 10^5^, and 1 × 10^6^ cells per injection. The analysis was completed 4 weeks following injection. Data are reported as number of tumors formed/number of injections.
